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ABSTRACT  The patch-clamp technique was implemented  in the cut-open squid 
giant  axon and  used  to record single  K  channels.  We  present  evidence  for the 
existence  of three  distinct  types of channel  activities.  In patches  that contained 
three to eight channels, ensemble fluctuation analysis was performed to obtain an 
estimate  of  17.4  pS  for  the  single-channel  conductance.  Averaged  currents 
obtained from these multichannel  patches had a  time course of activation similar 
to that of macroscopic K currents recorded from perfused squid giant axons.  In 
patches  where  single events could be recorded,  it was possible  to find channels 
with  conductances of 10,  20,  and  40  pS.  The channel  most frequently encoun- 
tered was the 20-pS channel; for a pulse to 50 mV, this channel had a probability 
of being open of 0.9.  In other single-channel patches,  a channel with a  conduc- 
tance of 40 pS was present. The activity of this channel varied from patch to patch. 
In some patches, it showed a very low probability of being open (0.16 for a pulse 
to  50  mV)  and  had  a  pronounced  lag  in  its  activation  time  course.  In  other 
patches, the 40-pS channel had a much higher probability of being open (0.75 at a 
holding potential of 50 mV). The 40-pS channel was found to be quite selective for 
K  over Na.  In some experiments,  the cut-open axon was exposed  to a  solution 
containing no K for several minutes. A  channel with a conductance of 10 pS was 
more frequently observed after this treatment.  Our study shows that the macro- 
scopic K conductance is a  composite of several K channel  types, but the relative 
contribution  of each  type is  not yet clear.  The time course of activation of the 
20-pS channel and the ability to render it refractory to activation only by holding 
the membrane potential at a  positive potential for several seconds makes it likely 
that  it is  the predominant  channel contributing to the delayed rectifier conduc- 
tance. 
INTRODUCTION 
Since the classic work of Hodgkin and Huxley (1952) describing the membrane con- 
ductances  that underlie  the generation  and propagation  of the nerve impulse,  the 
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squid giant axon preparation has yielded a great deal of information on the proper- 
ties of the ionic channels responsible for these conductance changes. This informa- 
tion has been derived from the study of both macroscopic ionic currents and gating 
currents, which can be recorded with a high degree of resolution in this preparation 
(Armstrong,  1981;  Bezanilla,  1985a).  It is clear  that  studies  of the  properties  of 
these conductances at the single-channel level will aid in understanding how these 
entities function at the molecular level. Although the first recordings of unitary cur- 
rents flowing through voltage-gated channels were performed in squid axons (Conti 
and Neher,  1980),  the difficulty in forming high-resistance seals in this preparation 
has precluded, until recently, more detailed studies of this type. 
In this article, we report the implementation of patch-clamp techniques  for the 
recording of K  single-channel currents  from the  inside surface of cut-open  squid 
giant axons. Our results reveal three distinct types of K channel activity in this prep- 
aration, the properties of which are described. Some of these results have been pre- 
sented in abstract form (Llano and Bezanilla, 1985). 
METHODS 
The giant axon of the squids Loligo pealei and L. opalescens was used for these experiments. 
The procedure for obtaining pieces of axonal membrane was based on a modification of the 
cut-open axon preparation (Llano and BezaniUa, 1980) that bad originally been implemented 
for the recording of current fluctuations (Levis et al., 1984). A brief description of the tech- 
nique has been presented with results on single Na channels (Bezanilla, 1987). 
Patch Clamp of the Cut-Open Axon 
A  piece of axon up to  1 cm long, cleaned of connective tissue, was tied at both ends and 
pinned to a thin layer of Sylgard covering the bottom of the experimental chamber. During 
the first series of experiments, the chamber was a  3.5-cm plastic petri dish; in more recent 
experiments, the petri dish was replaced by a rectangular chamber made of thin Lucite with a 
coverslip as the bottom.  While bathed in artificial seawater  (ASW; composition: 440  mM 
NaCi, 10 mM CaCI~, by endogenous Ca-sensitive proteases; 50 mM MgCI~, 10 mM HEPES, 
0-10 mM KC1, as indicated in the figure legends), the axon was cut longitudinally with micro- 
scissors to expose the internal surface of the membrane. The resulting axonal sheet was then 
perfused for 3-5 min with ASW at room temperature to wash out as much of the axoplasm as 
possible (e.g., Hodgkin and Katz, 1949) (Pant and Gainer, 1980). After this procedure, ASW 
was maintained in the recording chamber. In some cases, the ASW was replaced with a solu- 
tion containing one-fourth of the normal CaC12 and MgCI2 (low-divalent ASW); the axon was 
maintained in this solution for the remainder of the experiment. Both the external and inter- 
nal surfaces of the axonal membrane were continuously exposed to either normal or low- 
divalent ASW until seal formation.  All external solutions contained  200  nM  tetrodotoxin 
(Sigma Chemical Co., St. Louis, MO) in order to block Na channels. The pH of the external 
and  internal  solutions was  adjusted to  7.6  and  7.3,  respectively, and  the  osmolarity was 
adjusted to 1,000 and 980 mosmol, respectively. 
The  experimental  set-up  (see  Fig.  1)  consisted  of  an  inverted  compound  microscope 
mounted on an X-Y table that permitted the microscope to be moved with respect to the 
preparation and allowed for easy scanning of membrane areas, which appeared to be clean of 
axoplasm and other debris. The  normal microscope stage was removed and replaced by a 
fixed metal stand, which held both the chamber and the micromanipulator carrying the patch LLANO ET AL.  Single  K Channels of Squid Axon  181 
pipette. The temperature of the chamber containing the axonal sheet was maintained con- 
stant by an aluminum  block in thermal contact with four small Peltier units. The Peltier units 
dissipated the heat directly to the aluminum plate that replaced the microscope stage and 
they were fed by a custom-made temperature controller, which measured the temperature of 
the aluminum block in contact with the chamber. The temperature of the bath was  main- 
tained between 13 and 25"C.  The micromanipulator was assembled from micropositioning 
stages driven by manual and motorized drives (Newport Corp.,  Fountain Valley,  CA). The 
set-up was mounted on a pneumatic isolation system. 
All the experiments reported here were done using the excised outside-out configuration 
of the patch-clamp technique (Hamill et al., 1981).  In the cut-open axon preparation, this 
configuration was  achieved by moving a  patch pipette close to the internal surface of the 
FIGURE 1.  Schematic drawing of the  experimental set-up to  show  details of the  cooler, 
chamber, and miscroscope objective and condenser. The condenser can be tilted back to 
allow the positioning  of a dissecting microscope used to cut the axon open. Abbreviations: ab, 
agar bridge; co, cut-open axon; con, microscope condenser; cp, cooling plate; dp, steel pin to 
hold the axon on the Sylgard; fs, fixed stage; pel; Peltier cooler; ph, pipette holder; pp, patch 
pipette; rf, reference electrode. For explanations, see text. 
membrane, applying slight suction to secure seal formation, and then withdrawing the pipette 
from the axonal sheet. Similar results were also obtained in the cell-attached configuration, in 
which the pipette remained attached to the axonal sheet. The pipette used for patch record- 
ing was filled with a solution containing  490 mM K-glutamate, 95 mM K-fluoride, 5 mM KC1, 
10 mM K-HEPES, and 10 mM K-EGTA. The total internal concentration of K  § was lower in 
some experiments; in these cases,  sucrose was added to maintain constant osmotic pressure. 
For experiments in which the selectivity of the channels was studied, the external solution 
contained 400 mM KC1, 130 mM NaC1, 12.5 mM MgCI~, 2.5 mM CaCI~, and 10 mM Tris. In 
our figure legends, solutions are identified as xK-ASW//yK, where x  and y define the total 
concentration of K + in the external and internal solutions, respectively. 182  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9 VOLUME  92 ￿9  1988 
The conditions described above seemed to aid seal formation significantly in this prepara- 
tion. High-resistance seals  (> 10 Gt2) were stable for up to several hours. However, patches 
were often completely silent, and on several occasions the single-channel activity observed 
immediately after excision of a patch disappeared within a few minutes. The results presented 
in this article were gathered from patches in which both the seal resistance and channel activ- 
ity were stable for at least 30 min. 
Patch currents were recorded with a current-to-voltage converter that followed the design 
of Sigworth (1983), with a feedback resistor of either 50 or 100 Gfl. Some experiments were 
done using a head-stage built with discrete parts; in this case, the holding potential and pulses 
were applied to the bath while the interior of the pipette was maintained at virtual ground. In 
other experiments, we used an Axopatch (Axon Instruments, Inc., Burlington, CA).  In all 
cases,  a two-stage frequency booster was used to extend the frequency response of the con- 
verter to a  final bandwidth of 7.5 kHz.  Analog compensation of capacitive transients was 
applied to all current records. These were subsequently filtered with a six-pole Bessel filter at 
a corner frequency of 5 kHz, digitized, and stored on disk for analysis. 
Pulse Generation, Data Acquisition, and Analysis 
The system for pulse generation, data acquisition, and storage was  based on an IBM AT 
microcomputer with  a  custom-made  interface  for  acquisition and waveform  generation, 
which followed the design of the system used by Stimers et al. (1987). Waveforms were gen- 
erated by the computer and stored in a double-ported memory that could be accessed by the 
central processing unit (CPU)  of the computer or by the optoisolated D/A converter that 
generated the actual analog waveforms to be applied to the patch clamp. The acquisition was 
done via a  16-bit A/D converter connected through optoisolators to another double-ported 
memory, which would be accessed by either the optoisolated A/D converter or the computer 
CPU. This system of acquisition was used routinely for pulsed data, and the collected digi- 
tized currents were  stored  in magnetic media.  For continuous acquisition, the data were 
stored in a modified digital audio processor connected to a VCR (see Bezanilla, 1985b). 
Analysis of continuous recordings was not done directly from the VCR tape; rather, por- 
tions of the tape were transferred to the computer using the acquisition system described 
above. The double-ported memory in the computer interface board was divided into two 
parts. While one portion of the memory was being filled by the data on the tape, the other 
was  being dumped into a  high-capacity cartridge  disk (Bernouilli Box,  Ogden,  UT),  thus 
allowing a continuous transfer of data into a magnetic medium having random access capabil- 
ities. 
The analysis of single-channel fluctuations was performed on the same computer as that 
used for data acqusition, waveform generation, and data storage. The analysis programs were 
written  in a  combination of FORTRAN and assembly languages.  Pulsed data  were  first 
scanned to locate blank records, and then these were averaged and subtracted from the rest 
of the traces. Point-by-point amplitude histograms of each trace were made and the peaks 
and valleys of the histograms were used to set the threshold for automatic detection of tran- 
sitions. The level for threshold detection was set at 50% of the mean single-channel current 
level determined from the amplitude histograms. For each trace analyzed, an idealized trace 
was  automatically created based on the open and closed current levels and the transition 
threshold determined from the amplitude histogram. Events that were terminated by the end 
of the voltage pulse were discarded. If this simulation was accepted as a good representation 
of the original data, then the idealized trace was stored. Open, closed, and first latency times 
were then obtained from the idealized traces. Amplitude and open- or closed-time histograms 
were fitted by least-squares minimization using a  simplex algorithm. Amplitude histograms LLANO  rr AL.  Sitlgle K Channels of Squid Axon 
were fitted to a sum of Gaussian functions of the form 
183 
n = Y" at exp {- [(i -  xt)/bd'}, 
i 
where i is current amplitude, n is number of events at that particular amplitude, and at, xk, 
and bt are parameters describing the amplitude, mean, and dispersion of the Gaussian func- 
tion. 
Continuous recordings were analyzed in a similar way, except that blank records were not 
averaged  and  subtracted.  Rarely,  periods  during  which  all  channel  activity  stopped  for 
lengths of time exceeding 5 s were observed for the large-conductance channel at potentials 
> 10 mV. These "silent periods" were not included in the determination of open probabil- 
ity. 
In general, single-channel conductance is expressed as chord conductance, G = i/(V -  Vx), 
where  Vx is the K reversal potential.  A  ratio of 0.025 was assumed for the permeabilities 
PN~/Px (Latorre and Miller,  1983). The chord conductance has been used in view of the evi- 
dence that the single-channel current-voltage relation for some types of K channels is not 
linear under physiological K gradients (e.g.,  Standen et al.,  1985). 
RESULTS 
Multichannel  Patches 
Excised patches obtained from cut-open axons maintained in ASW with K § concen- 
trations  of 5-10  mM displayed outward  current  fluctuations  upon depolarization, 
the properties of which were consistent with the activation of the delayed rectifier K 
channels.  Under  these  ionic  conditions,  most  patches  had  at  least  three  or  four 
active channels.  In these  multichannel  patches,  ensemble  fluctuation  analysis  (Sig- 
worth,  1980)  was performed  in order  to estimate  the  value  of the  single-channel 
conductance.  Fig.  2 A  shows  the  mean  current  (upper  trace)  and  the  associated 
ensemble  variance  (lower trace)  calculated  from a  set of 200  depolarizations  from 
-80  to 80 mV. The plot of variance (S ~) as a function of mean current (I), shown in 
Fig.  2  B,  was  fitted  well  by a  parabolic  curve  according to  the  equation  S 2 (t)  = 
iI(t)  -  I(t)~/N, yielding a value of 2.7 pA for the single-channel current (i) and 8 for 
the number of channels (At). The estimated value of the single-channel conductance 
was  17.4 pS. 
The channels giving rise to the current in multichannel patches activate in a volt- 
age-dependent  manner,  as  evidenced  by  inspection  of  the  averaged  currents 
obtained at different membrane  potentials  (Fig.  2 C).  Both the speed of activation 
and the maximum number of channels open increase with depolarization. The aver- 
aged currents  resemble  in their  time course the macroscopic K  currents  recorded 
from perfused  squid  giant axons under  similar ionic conditions  (cf.  Bezanilla  and 
Armstrong,  1972). 
Single-Channel  Patches: Small-Conductance  Channel 
In order to increase  the probability of obtaining patches  in which only one active 
channel was present, we often resorted to recording under conditions in which most 184  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9 VOLUME  92  ￿9  1988 
of the channels were in an inactivated state.  Fig.  3 A  shows single-channel records 
from a  patch maintained at a  relatively depolarized holding potential of -30  mV. 
Channels were activated by depolarizing pulses to 50 mV, which were preceded by 
50-ms pulses to -80  mV to remove some steady state inactivation. With this type of 
stimulating protocol, single-channel currents were more readily resolved. The chan- 
nels open with a  very short latency after the beginning of the pulse and fluctuate 
rapidly between the open and closed levels through the duration of the pulse. The 
averaged current obtained from 48 records at this potential (Fig. 3 A, upper trace) 
reaches its steady state level within 5  ms and is maintained during the duration of 
the pulse, as expected from the activation of the "delayed rectifier" K channels in 
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FIGURE 2.  Multichannel patches. (A) Mean current (upper trace) and associated ensemble 
variance (lower trace) calculated from 200 depolarizations to 80 mV. The holding potential 
was  -  80 mV and the solutions were 10 K ASW//400 K. (B) Plot of variance as a function of 
mean current,  from the  experimental data presented  in A. The dots correspond to data 
points; the solid line corresponds to the fit to the function S  ~  =  (il)  -  (IS~N),  with i = 2.7 and 
N = 8. (C) Currents obtained from the average of 32-65 pulses to the potentials indicated in 
front of each trace. The holding potential was  -70 mV. This is a different patch from that 
shown in A and B. The solutions were 5 K ASW//285 K and the temperature was 19~ 
by the sum of two Gaussian distributions. The value of single-channel current esti- 
mated from the fit was 2.7 pA, corresponding to a single-channel conductance of 20 
pS. This value is in good agreement with that derived from the ensemble fluctuation 
analysis described  above.  Determination of the  number of active channels  is ren- 
dered difficult by the presence of slow inactivation. In this particular patch, no dou- 
ble openings were seen at 50 mV, although they were observed when the membrane 
potential  was  stepped  to  100  mV.  If one  considers  that  the  pattern  of activity 
observed at 50 mV is due to one active channel (the other being in a slow-inactivated 
state), the probability of being open calculated from the relative areas of the ampli- 
tude histogram would be 0.9. LLANO El' AL.  Single K Channels of Squid Axon 
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FIGURE 3.  Properties  of  the  small-conductance  channel.  (A)  Single-channel  currents 
recorded during pulses to 50 inV. The holding potential was -30  mV; depolarizing pulses 
were preceded by 50-ms pulses to  -80  mV. The upper trace presents the average current 
from 48 out of a total of 93 pulses. The solutions were 5 K ASW//528 K and the temperature 
was 13~  The 15-pA calibration corresponds to the single-channel traces and the 0-pA cali- 
bration corresponds to the averaged current. (B) Amplitude histogram of all data points from 
the set of pulses to 50 mV. The solid line corresponds to the fit of experimental data with the 
sum of two Gaussian distributions. Fit parameters (x,, bh, ax): -0.12  pA, 0.708  pA, 268.3; 
2.60 pA, 1.02 pA, 1,635.  (C) HistogTam of open times from the same set of data. The solid 
line corresponds to the fit with two exponentials. Fit parameters (time constant, number of 
events): 0.6 ms, 154; 2.84 ms, 48.2. 
Fig. 3  C presents a histogram of open times for the channels activated by pulses to 
50 mV. Two exponentials, with time constants of 2.84 and 0.6 ms, were required to 
fit this histogram.  The double-exponential nature of the histogram,  however,  may 
result from the contribution of more than one channel to the records. Even though 
no  double  levels were  observed at  this  potential,  this  possibility cannot  be  elimi- 
nated.  An estimate of the  mean  open time, obtained by adding the  total time the 186  a'xE  JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  92 ￿9  1988 
channel is open and dividing by the number of open-to-closed transitions, yielded a 
value of 2.1  ms. 
Single-Channel  Patches: Large-Conductance Channel 
Under similar ionic and recording conditions,  many experiments revealed another 
distinct type of single-channel activity. This channel differs from the 20-pS channel 
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FIGURE 4.  Large-conductance channel. (A-C) Single-channel currents and the correspond- 
ing average (lower traces in each panel) resulting from pulses to the indicated potentials. The 
holding potential was  -30 mV; depolarizing pulses were preceded by 50-ms pulses to -80 
mV. Averaged currents include only pulses that showed channel activity. The 10-pA calibra- 
tion bar applies to the single-channel traces; the 2-pA bar corresponds to the averaged traces. 
The solutions were 5 K ASW//528 K; the temperature was 13~  (D) Current-voltage relation 
for the experiment illustrated in A-C. Single-channel currents were derived from Gaussian 
fits to amplitude histograms. 
described above in the value of its single-channel conductance, its kinetic properties, 
and its probability of being open. The activity of this channel varied from patch to 
patch: in some instances, the channel was extremely active and in others it showed a 
very low probability of being open. An example of one type of activity shown by this 
channel in response to pulses to three different membrane potentials is presented in 
Fig.  4,  A-C.  The  upper  traces  in  each  panel  correspond  to  selected  sweeps;  the LLANO ET AL.  Si~lgl4f  K Chann4fl$ of Squid Axolq  187 
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Fmtnu~ 5.  Steady  state  properties  of the  large-conductance channel.  (A)  Single-channel 
recordings at the indicated holding potentials. The solutions were 10 K ASW//525 IC The 
temperature was 21.5"C. Trace e is taken from trace a (indicated by the arrow in a) and plot- 
ted on an expanded time scale to illustrate the higher conductance level. The 30-ms scale bar 
corresponds to trace e; the 500-ms scale bar corresponds to traces a-d.  (B) Current-voltage 
relation for the single-channel events illustrated in A. (C) Probability of being open vs. volt- 
age. Open probabilities were determined from the equation A/(A + B), where A is the total 
time spent in the open state and B is the total time spent in the closed state. For each holding 
potential, 1 s worth of recordings was analyzed. Same patch as shown in panels A and B. 188  THE JOURNAL OF GENERAL PHYSIOLOGY  ￿9  VOLUME 92 ￿9 1988 
lower traces correspond to the averaged currents obtained from the ensemble of all 
sweeps in which openings of this channel  type were detected.  In  the experiment 
shown in Fig. 4, openings caused by this channel occurred late after pulse onset and 
with a very low probability, even at high membrane depolarizations (in this patch, 
only 11  traces out of 34 showed openings of this channel type at 50 mV). Further- 
more,  reconstructions of the  large-conductance channel with  this  type of activity 
showed a pronounced lag in the activation time course. Fig. 4 D  presents the cur- 
rent-voltage relation for the  channel  illustrated  in A-C.  The  conductance ranges 
from 25 pS at  -20  mV to 46 pS at 80 mV. 
This  large-conductance  channel  showed  a  strikingly  different  type  of  gating 
behavior in  other patches  recorded under similar  ionic conditions.  For example, 
Fig. 5 illustrates the activity of another one of these channels, which had a relatively 
high probability of being open. The steady state activity of this channel at four dif- 
ferent membrane potentials is shown in Fig. 5 A (a-d). The current-voltage relation 
from this experiment is shown in Fig. 5 B. The conductance is 14 pS at -40 mV and 
46 pS at  50 mV,  in excellent agreement with the current-voltage relation for the 
channel activity shown in Fig. 4. The channel frequently went into a higher-conduc- 
tance state at more positive potentials. This was most clearly seen at a holding poten- 
tial of 50 mV where transitions were observed between a conductance of 46 pS and 
a higher value of 60 pS (see Fig. 5 A, e). Transitions to this higher-conductance level 
were seen only when the channel was open; that is, no comparable transitions were 
observed from the baseline. 
In contrast to the 20-pS channel, this large-conductance channel could be elicited 
upon sustained depolarization and remained active for several minutes at all holding 
potentials. However, at more positive potentials, the channel occasionally went into 
silent periods.  For example, at a  holding potential of 50  mV during a  recording 
period of 26 s,  channel activity stopped completely for 7.4  s. As described in the 
Methods, such periods were not included in the determination of open probability. 
The steady state probability of being open for the large-conductance (40 pS) chan- 
nel in the high activity state illustrated in Fig. 5 A is plotted as a function of mem- 
brane potential in Fig. 5 C. The steady state probability of this channel being open, 
which reached a value of 0.75 at 50 mV, is much higher than that observed in other 
experiments (see, for example, Figs. 4 and 7). The probability of being open for the 
channel activity shown in Fig. 4 was 0.16 excluding blank traces, and 0.06 including 
blank traces for 40-ms pulses to 50 inV. 
The kinetics of opening and closing of the large-conductance channel in the high 
activity state shown in Fig. 5 were characterized in more detail (Fig. 6). The distribu- 
tion of open times could be described by the sum of two exponentials (Fig. 6 A, left 
panel). Two exponentials often provided a reasonable description of the closed-time 
histograms, although, at high membrane potentials (30 and 50 mV), a third, faster 
exponential was  needed  to yield a  good  fit (Fig.  6 B,  right panel).  The resultant 
open-time constants were plotted against steady state membrane potential (Fig. 6 B, 
left panel). Both the slow and fast time constants increased with membrane potential 
up  to  0  and  20  mV,  respectively. At higher membrane  potentials,  the open-time 
constant decreased with increasing potential, particularly the slower time constant. 
This would be expected from the increased flickering of the channel  seen at the LLANO ET AL.  Single K Channels of Squid Axon  189 
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Steady state kinetic properties of the large-conductance channel. (A) Histograms 
of open (left panel) and closed (fight panel) times. The solid line corresponds to the data and 
the dashed line corresponds to the fit of the data with two (left) and three (right) exponen- 
tials. The holding potential was 30 mV, the temperature was 21.5~  and the solutions were 
10 K ASW//525 K. Fit parameters for the open-time histogram (time constant, number of 
events): 4.84 ms,  1,652;  11.2 ms,  1,408.  Fit parameters for the closed-time histogram (time 
constant, number of events); 0.46  ms,  1,585;  6.39  ms,  279;  41.2  ms,  571.  (B) Open-time 
constants (left) and closed-time constants (right) are shown as a function of membrane poten- 
tial. Plotted are the time constants obtained from fits like those illustrated in panel A. The fast 
open-time constant at -20  mV was 0.07 ms; the fast closed-time constant at 30 mV was 6.4 
ms. Same patch as illustrated in panel A and in Fig. 5. 
higher potentials. The  increase in  the  fast open-time constant  at 50  mV  could be 
due to brief, undetected closings. At more positive membrane potentials, the transi- 
tions between open and closed states are very fast, and brief closing events may not 
have  been  resolved with the  5-kHz  recording bandwidth  used;  the  resultant  time 
constants are thus  likely to be slower than  expected.  In Fig.  6 B  (right panel),  the 
time constants for closing are plotted against steady state membrane potential. The 
slower closed-time constant was much more voltage dependent  than the faster time 190  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9 VOLUME  92 ￿9  1988 
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FIGURE 7.  Selectivity of the large-conductance channel. (A) Single-channel  events, recorded 
in normal 10 K ASW, at the indicated holding potentials. The solutions were ] 0 K ASW//525 
K and the temperature was 25~  (B) Same patch as illustrated in panel A, after the external 
solution had been changed to 400 K ASW. The internal solution remained 525 K and the 
temperature was 25~  (C) Current-voltage relation for the experiment illustrated in panels A 
and B. Open diamonds: 10 K ASW; filled triangles: 400 K ASW. LLANO gT At..  Single K Chan~ls of Squid Axon  191 
constant  for closing.  The  slow  time constant  decreased  markedly with  increasing 
membrane potential as the time the channel spent in the open state increased. The 
fast time constant  increased  slightly with increasing potential up  to  -10  mV and 
then decreased with further increases in membrane potential. Both the slow and the 
fast time constants for closing increased s|ighdy at 50 mV; again, this might be due 
to brief, undetected closings, as discussed above. 
A  B  .,.~,  ~ -",'w'~, 
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FIGURE 8.  Large-conductance  channel  following  removal  of  K  +.  (A-C)  Single-channel 
events and averaged currents (lower traces in B and C) activated by pulses to the indicated 
potentials. The patch was obtained from an axonal sheet that had been exposed to 0 K ASW 
for 20 min. The holding potential was -  70 mV, the solutions were 0 K ASW//528 K, and the 
temperature was 17~  (D) Amplitude histogram of all data points from the same patch at 50 
mV. The solid line corresponds to the fit of three Gaussian distributions. Fit parameters (x,, 
b~, ak): -0.15 pA, 0.315 pA, 4,022; 1.26 pA, 0.495 pA, 1,090;  6.97 pA, 0.85 pA, 70. 
The large-conductance channel is very sensitive to the external concentration of K 
ions and thus appears to be highly selective for K ions (Fig. 7). Examples of channel 
activity recorded in  10 mM extemal K (10 K ASW) are shown for three membrane 
potentials in Fig. 7 A. In Fig. 7 B, examples of the activity on this same channel are 
shown after the external solution was changed to one containing 400 mM K (400 K 
ASW). The single-channel events recorded in 10 K ASW were outward for all mem- 
brane potentials shown, from -20  to 60 inV.  However, in 400 K ASW, the single- 
channel events were inward from  -70  to  -20  mV and outward at 60 mV. These 192  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  92  ￿9  1988 
results can be seen more clearly in Fig. 7 C, where single-channel current is plotted 
against steady state membrane potential in  10 K and 400 K ASW. The chord con- 
ductance in 10 K ASW was 18 pS at -20  mV and 43 pS at 60 mV. In 400 K ASW, 
the chord conductance was 78 pS at  -70  mV and 54 pS at 30 mV. The slope con- 
ductance was 58 pS in 10 K ASW and 64 pS in 400 K ASW. The reversal potential 
determined by extrapolation of the current-voltage relation was approximately -  50 
mV in 10 K ASW and 3.2 mV in 400 K ASW. This shift in the zero current potential 
toward more positive potentials would be expected if the channel is selective for K 
over Na. 
Removal of External K + Alters K  Channel Activity 
In the perfused squid axon, removal of K + from both sides of the membrane leads 
to a gradual decline in the size of the K currents measured after reintroduction of 
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FIGURE 9.  Effects  of  K  +  removal 
on  the  single-channel  current.  (A) 
Single-channel  currents recorded for 
pulses to 50 mV in a patch obtained 
from an axonal sheet  that had been 
maintained in 0 K ASW for 20 rain. 
The holding potential  was  -70 mV, 
the solutions were 0 K ASW//528 K, 
and  the  temperature  was  17"C. (B) 
Amplitude  histogram  of  all  data 
points  from  the  pulses  to  50  inV. 
Solid  line  corresponds to  the  fit  of 
two  Gaussian  distributions.  Fit  pa- 
rameters (xk, b~, a~): -0.15 pA, 0.31 
pA, 1,953;  1.29 pA, 0.45 pA, 1,077. 
a normal  K + concentration  (Chandler  and  Meves,  1970;  Almers and  Armstrong, 
1980).  We  thought that  exposure  of the  axonal  sheets  to ASW without  K +  (0  K 
ASW) for short periods of time might aid in decreasing the number of functional 
channels.  The  axon  was  cut  open  and  bathed  in  10  K  ASW  for  times  ranging 
between 8 and 20 min. While 0 K ASW was maintained in the bath, a patch pipette 
was approached to the membrane and a  seal was formed. 
The properties of the 40-pS channel did not appear to be affected by exposure of 
the  axonal sheet  to  0  K  ASW.  This is  illustrated  by the  records shown in  Fig.  8, 
obtained from a patch exposed to 0 K ASW for 20 min. This patch displayed normal 
activity of the large-conductance channel, in addition to a small-conductance chan- 
nel,  which  will  be  described  below.  Under  these  conditions,  averaged  currents LLANO ET AL.  Single  K Chan~ls of Squid Axon  193 
(lower traces in each panel)  show an activation time course with a  long lag after 
pulse onset, reiminiscent of the reconstruction sometimes obtained from the activity 
of the large-conductance channel under normal conditions (e.g., Fig. 4). 
The 20-pS channel, on the other hand, was rarely observed after exposure of the 
axonal sheet to 0 K ASW. This is in striking contrast to the results in 5-10 K ASW, 
where the 20-pS channel is seen more frequently than the 40-pS channel. 
A  third type of unitary channel activity was frequently observed following expo- 
sure to 0  K ASW. As illustrated by the records presented in Fig. 9 A, this channel 
has  a  longer  latency before  opening and  shows  less  flickering activity than  that 
recorded from axonal sheets maintained in K-containing ASW (Figs. 3 and 4). Fur- 
thermore, the single-channel conductance is significantly lower than the other two 
channels, ranging between 8 and 10 pS. The overall probability of being open, esti- 
mated by the relative amplitude of the peaks of the amplitude histogram (see Fig. 
9 B), was found to be lower than that of the 20-pS channel. At 50 mV, this value was 
0.3, in contrast to a value of 0.9 for the 20-pS channel recorded from patches in 5 K 
ASW. 
DISCUSSION 
The results presented in this article demonstrate the existence of at least two distinct 
types of K channels in the squid giant axon. These channels differ in their single- 
channel conductance as well as in their gating properties. In addition, a third type 
of channel activity was found in axons exposed to 0  K ASW.  The value of single- 
channel conductance of 19-20 pS that we report for the low-conductance channel 
is somewhat larger than that predicted from the study of Conti and Neher (1980) in 
perfused squid axons maintained in an inverted K § gradient.  Under those condi- 
tions, these authors measured a single-channel conductance of 17.5 pS, and extra- 
polated to a value of 9-11  pS in physiological solutions. A possible explanation for 
the difference in single-channel conductance is that in their study the internal solu- 
tion contained Na, which blocks K conductance (Bezanilla and Armstrong,  1972). 
On the other hand, their value is comparable to the 8-10-pS channel we observed 
after exposure to 0  K ASW. 
On the basis of our results, it is possible that the 20-pS channel may be the main 
contributor to the delayed rectifier conductance normally studied in the squid axon. 
The agreement of the fit of the relation between ensemble variance and mean cur- 
rent to a model which assumes that channels are identical and independent suggests 
that,  under normal ionic conditions (high K § inside and low K §  outside), macro- 
scopic currents elicited by relatively short depolarizations are largely comprised of 
the 20-pS channel. This is supported by comparisons of the time course of the cur- 
rent obtained by averages of depolarization-activated, 20-pS single-channel events 
with the averaged traces obtained in multichannel patches. In both cases, the result- 
ing current shows an activation time course reminiscent of the delayed rectifier K 
currents in this preparation.  Furthermore, as expected from the macroscopic cur- 
rent (Ehrenstein and Gilbert, 1966; Chabala,  1984), the single-channel events show 
no inactivation during pulses of 20-100 ms duration, but can be rendered refrac- 
tory to activation by holding the membrane potential at depolarized levels for sev- 194  THE  JOURNAL  OF  GILMI?.RAL  PHYSIOLOGY ￿9 VOLUME  92  ￿9  1988 
eral seconds. Other estimates of the single-channel conductance of delayed rectifier 
channels in excitable cells are similar to that reported here for the 20-pS channel. 
For example, a  value of 15 pS has been obtained for the skeletal muscle delayed 
rectifier channel (Standen et al.,  1985). 
It is possible, however, that the 40-pS channel also contributes to the total macro- 
scopic current obtained with short depolarizations. Although its single-channel con- 
ductance is significantly larger than that of the 20-pS channel, this channel often 
opens infrequently during depolarizing pulses.  Occasionally, however, its opening 
probability is higher. In these cases, it would make a larger contribution to macro- 
scopic K currents. It is likely, then, that the delayed rectifier conductance is a com- 
posite of at least two K channel types. Further work is needed to define the contri- 
bution of the various channel activities to the macroscopic current. 
A sequential kinetic scheme involving several closed states and a single open state 
has been used to model the process of activation of the delayed rectifier K conduc- 
tance in squid axon. On the basis of studies of the macroscopic currents (Gilly and 
Armstrong,  1982) as well as of gating currents (White and Bezanilla,  1985), it has 
been proposed that the transition between the last closed state and the open state is 
not rate-limiting in this process. In accord with the observations of Conti and Neher 
(1980),  the  present results for both the 20-pS and the 40-pS channel show that, 
once open, these channels flicker rapidly between the closed and open levels. This 
type of behavior is consistent with the hypothesis of a fast transition between the last 
closed state and the open state of the channel. 
Our attempts to reduce the density of K channels by depriving the axonal sheets 
of K + for short periods of time yielded somewhat surprising results. Previous studies 
(Chandler and  Meves,  1970;  Almers and Armstrong,  1980)  have shown  that  this 
procedure leads to a gradual and irreversible loss of K currents, the remaining K 
current displaying unaltered kinetics. Our observations suggest that the 20-pS chan- 
nels are functionally lost when both sides of the membrane are exposed to K-free 
solutions,  while  a  channel  with  a  smaller  conductance  (10  pS)  and  "modified" 
kinetic properties is revealed by this treatment. In all patches studied, the probabil- 
ity of finding this 10-pS channel open in 0 K ASW was lower than that observed for 
the 20-pS channel in K-containing ASW.  It is thus likely that macroscopic current 
measurements would fail to detect currents caused by the activity of this channel. 
Our results do not allow us to determine whether the small,  10-pS conductance 
channel is the result of a  modification of one of the K channels or a  new type of 
channel altogether. Because we were unable to detect activity of the 20-pS channel 
after K deprivation, it is possible that the  10-pS channel is a modified form of the 
20-pS channel.  It has been proposed (Almers and Armstrong,  1980)  that,  in the 
absence of permanent cations, the K channels are destabilized by the electrostatic 
forces generated by negative charges within the channel that are normally counter- 
acted by resident cations. It is possible that this process of destabilization could lead 
to a gradual loss of some of the voltage-dependent gating sensitivity (thus leading to 
a  longer lag time and  lower probability of opening)  as well as  a  decrease in the 
open-channel  conductance.  The fact that  the  large-conductance channel  is  unal- 
tered by K deprivation indicates that this channel clearly does not require the pres- 
ence of permeant cations to survive. Alternatively, it is possible that the 10-pS chan- LLANO gr AL.  Single K Channels of Squid Axon  195 
nel is present  under  normal conditions, but  exposure of the  axonal  sheet to 0  K 
ASW increases the probability of seeing this channel.  Consistent with this explana- 
tion,  the  10-pS  channel  has  occasionally been  observed when  the  axonal  sheet is 
exposed to 10  K  ASW. 
In conclusion, the results presented in this article show that patch-recording tech- 
niques can be successfully applied to the cut-open axon preparation. The implemen- 
tation of this technique should yield useful data to complement the wealth of infor- 
mation that has been derived from measurements of macroscopic ionic currents and 
of gating currents  in  this  preparation.  Recording of ionic  currents  from  excised 
patches containing one or a  few K channels also offers the advantage of eliminating 
certain errors,  such  as the  accumulation  of K +  in the  periaxonal space  (Franken- 
haeuser  and  Hodgkin,  1956;  Adelman  et  al.,  1973),  that  make  interpretation  of 
macroscopic K  currents challenging. 
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